INTRODUCTION
============

Feathers are produced in large amounts as a by-product at poultry processing plants, reaching millions of tons annually. Removal of them is a major problem for processing plants and poultry farms ([@b10]). Feathers are formed from beta keratin which resists chemical agents and enzymatic lysis. The chemical activity of keratin is connected in a significant degree to the cystine content and the disulphide bond which is formed between two cysteine molecules is responsible for the high strength of keratin and its resistance against the action of proteolytic enzymes. ([@b16], [@b21]).

There are certain microorganisms that can synthesize keratinases. Keratinolytic microbes are widespread in nature, and largely isolated from poultry wastes that are mostly fungi, bacteria of the genera *Bacillus* and *Streptomyces* ([@b19]). The keratinases enzymes have gained biotechnological impetus only recently. Since feathers are almost pure keratin protein consisting of amino acids, feather wastes represent a potential alternative to expensive dietary ingredients for animal feedstuffs ([@b6]).

Currently, some industries are involved in feather meal production by steam pressure cooking, and many scientists have worked to find the nutritional value of the feather meal. Although the feather meal is an important source for animal production, it represents low digestibility ([@b7]). The natural existence of keratin-degrading microorganisms offers more nutritionally balanced and digestible product. The study on the protein and aminoacid composition of the microbially treated and untreated feathers showed higher amount of lysine, methionine and arginine in the fermented feather, due to the possibility of secreting limiting amino acids by the microbes, concluding the microbial biomass can also be a good rich protein source ([@b17]).

Their growing importance is mainly contributed to the isolation of keratinases from non-pathogenic microorganisms and their ability to degrade the tough insoluble keratin of feather and convert it into economically useful feather meal, nitrogenous fertilizers, biodegradable films, glues and foils ([@b8]). The production of aminoacids from the fermented feather is also a great demand in the industries. Keratinases are being used in many industrial sectors like detergent, medicine, cosmetics, leather, feed, particularly in the use of Bioresources international's Versazyme for feather meal production ([@b8]). Keratinases could also play other important role in, aerobic digestion of poultry waste to generate natural gas, in textile industries to improve shrink proofing wool and for cleaning obstructions in sewage system during wastewater treatment ([@b22]).

Hence the present study orients towards the innovative application of feather waste that is, the formulation of a new economical medium for the growth of microbes using the degraded feather. And it also includes, the isolation of efficient keratin degrader, followed by its taxonomical investigation, enzyme activity, SEM-EDAX analysis, and estimating the nutritive value of degraded feather medium.

MATERIALS AND METHODS
=====================

Isolation of keratin degrader
-----------------------------

The feather dumped soil was collected from a local poultry farm at Thanjavur, Tamil Nadu, India. The soil samples were pre-treated for 30 minutes at 60°C to eliminate unwanted microorganisms and serially diluted in saline water up-to 10^5^. The *Streptomyces* sp was isolated using starch casein nitrate agar and incubated at 30°C for 14 days. The media was supplemented with carbendizim 400 mg/l after sterilization ([@b11]). The isolates were streaked on agar slants for further studies.

Test for keratin degradation
----------------------------

A loopful of 8 days old test isolates were inoculated in 100 ml of sterilized basal salt medium ([@b13]) containing 0.5 gm of fresh, cleaned and sterilized whole chicken feathers. All the flasks were kept in rotary shaker (SCIEGENEICS, Orbitek, India) at 110 rpm for 28 days at 28°C in triplicates. The selection of isolate for taxonomical investigation and enzyme assay were based on rapid degradation of feathers.

16s rRNA sequencing approach and Phylogenetic analysis
------------------------------------------------------

The Genomic DNA of the test strain *Streptomyces* IF 5 was isolated using the procedure of Hopwood *et al*.,1985 ([@b9]). A PCR was performed in order to amplify the 16S ribosomal DNA (rDNA) of the *Streptomyces* strain. The primers used were direct and reverse primers 5′ AGAGTTTGATCCTGGCT CAG 3′ and 5′ GGTTACCTTGTTACGACTT 3. The PCR products were excised from an agarose gel electrophoresis, purified with a GENEI kit and sequenced using DNA sequencer (ABI 3100). Sequence similarity search was made for the 16S rRNA sequence of IF 5 using BLAST search (NCBI) and the ribosomal Database project. Evolutionary tree was inferred by using the neighbour joining method ([@b18]). The clustal X program ([@b25]) was used for multiple alignment and phylogenetic analysis.

Inoculum preparation
--------------------

Spore suspension of *Streptomyces* sp. IF5 was prepared by inoculating a loopful in the seed medium containing Starch 1% (w/v), Glucose 0.5%(w/v), Yeast extract 0.2% (w/v), K~2~HPO~4~ 0.1%(w/v), MgSO~4~.7H~2~O 0.05% (w/v). The flask was incubated at 28°C for 24 h on rotary shaker at 110 rpm. 25 ml of the seed culture was inoculated into one liter of basal salt medium containing 5 g of fresh, cleaned sterilized feathers, and kept at 110 rpm for 3 days. The changes in pH of the medium were also monitored at the regular intervals of 12 h.

Enzyme activity assay
---------------------

Keratinase activity was determined spectrophotometrically by the method of Mona, 2007 ([@b16]). The reaction mixture consisted of 1 ml diluted enzyme solution and 0.1 g feather keratin (HiMedia, India) in 5 ml borate buffer (50 mM, pH 9) and incubated for 4 hours at 40°C. The reaction was stopped with 1 ml of 10% trichloroacetic acid (TCA) for 30 minutes at room temperature. The mixture was centrifuged and the released amino acids were measured as tyrosine by Lowry's method ([@b15]). The tests were also performed using casein as substrate.

Thiol assay
-----------

The disulphide released in the degradation medium was assayed by the method of [@b4]. The assay was performed at regular intervals of 12 h for 3 days.

Scanning electron microscope and Energy Dispersive spectroscopy (EDAX) analysis
-------------------------------------------------------------------------------

The degradation of the feathers was characterized by SEM. The culture broth containing degraded feathers were filtered, washed twice by distilled water and the substrates were dried. The degraded feather (DF) and the non-degraded feather (NDF) were pasted separately in a stub using double sided adhesive carbon conducting tape and gold sputtered. The sample was analyzed in the scanning electron microscope (Hitachi S-3000 H) using photomultiplier detector and images were taken at 50 X and 250 X. The elemental composition of both DF and NDF were determined by EDAX (made by Thermo Electron Corporation) using silicon drift lithium detector.

Formulation of Degraded feather medium (DFM)
--------------------------------------------

The feathers degraded by the strain IF 5 were collected from the culture broth and purified by washing with double distilled water, followed by drying. The feathers were dried using the spray drier to yield powered feather meal. The meal obtained was used in the formulation of DFM of composition: sodium chloride 5.0; potassium dihydrogen phosphate 1.5; degraded feather 10; agar 15 (g/l). The isolates, *E.coli*, *B.subtilis*, *B.polymyxa*, *B.licheniformis*, *S.aureus*, *Pseudomonas aueroginosa*, *Proteus vulgaris, Aspergillus flavus*, *Streptomyces* sp. were grown and their growth was evaluated in three different media namely, Buffered peptone water agar (BPWA), Buffered water agar (BWA), DFM and Feather medium containing raw feathers.

The growth of the microbes on the newly formulated DFM was tested by using the 10 ^6^ dilution by spread plate technique. For the purpose of comparison during microbial cultivations, BPWA and BWA were used concurrently as reference medium. All the media were sterilized by autoclaving at 121°C at 15 lbs for 15 minutes.

RESULTS AND DISCUSSION
======================

Phylogenetic analysis of strain IF 5
------------------------------------

Among the isolates from the feather dumped soil collected in the local poultry farm, *Streptomyces* sp. IF5 was capable degrading the chicken feathers in 60 h. It is evident from this study that the isolated strain could grow on the minimal medium containing the keratin as the substrate for carbon and nitrogen source. The strain IF5 exhibiting the highest feather degradation was chosen for taxonomical investigation. The phylogenetic analysis of the strain IF5 based on the 16s rRNA showed that the sequence is 1474 bp long, and has a highest homology (96%) with *Streptomyces* A515 Ydz-FQ. The Phylogenetic analysis ([Fig. 1](#fig1){ref-type="fig"}), at the RDP, placed the strain within the evolutionary radiation encompassed by the genus *Streptomyces*, where the 16S rRNA gene sequence of *Streptomyces brasiliensis* St. NBRC 12596 was identified with the highest probability (0.97) as the closest matching sequence to IF 5. The homology data differs by 4% suggesting that the strain IF 5 might be a new species and thus it was designated as *Streptomyces* sp. IF5.

![Neighbor-joining tree based on 16s rDNA gene sequences showing Relationship between the strain IF 5 and other *Streptomyces* sp.](bjm-42-825-g001){#fig1}

The nucleotide sequence of this novel bacterium has been deposited in the National Centre For Biotechnological Information and obtained [GENBANK accession number FJ951435.]{.ul} Similarly, Tatineni *et al*., 2008 ([@b24]) proposed their isolate *Streptomyces* sp could be a novel species showing nearest homology of 97%.

Enzyme assay
------------

Data obtained for the time course experiment was conducted over a period of 120 h. The enzyme production commenced on 12^th^ h and reached a peak at 60 h. The alkalinity pH (8.5) of the culture medium during the course time of degradation indicates the keratinolysis, since the drift in pH is considered as one of the significant parameter ([@b13]). The enzymatic activity was 1181 U/ml. The maximum degradation was shown by Tatineni *et al*., 2008 ([@b24]) in 96 h. And a thorough review of the literature survey on microbial keratinolysis enzymatic activity shows that strain IF 5 shows the maximum keartinase activity at 60 h itself. ([@b12], [@b20])

Sulfhydryl analysis
-------------------

During the enzymatic hydrolysis of feather keratin, the release of sulfhydryl groups in the medium was monitored at the regular intervals of 12 h for 3 days ([Fig. 2](#fig2){ref-type="fig"}). The increase in the sulfhydryl groups reached the peak in 2.5 days, without the addition of any disulphide containing substrates. Bockle and Muller, 1997 ([@b2]) studied the formation of thiol groups after the addition of cystine in feather medium. The denaturation of keratin is accomplished with the enzyme reductase present on the mycelial surfaces, which help in the breaking of disulphide bonds. The effective degradation of chicken feathers by the strain IF 5 is also evident from the Scanning electron micrograph ([Fig. 3](#fig3){ref-type="fig"}).

![Estimation of released sulfhydryl groups in the culture medium. Error bar shows ±5% error.](bjm-42-825-g002){#fig2}

![Scanning electron micrographs of control (a) and degraded feathers (b) by the strain IF 5.](bjm-42-825-g003){#fig3}

Evaluation of microbial growth
------------------------------

Bulk discarding of chicken feathers is an environment threat though many methods like land filling, production of natural gas, fertilizer, and feather meal were adopted ([@b1], [@b17]).

Thus, the main objective of the study was to formulate the microbial medium from degraded feather waste in comparison with a commercial media like peptone agar. When microbial growth was examined in the agar plates, the DF medium containing sodium chloride 5.0; potassium dihydrogen phosphate 1.5, degraded feather 10; agar 1.5 (g/l), produced comparable colony counts with the reference medium (BPWA). [Fig. 4](#fig4){ref-type="fig"} clearly pictures the newly formulated DFM were observed to support the growth against the tested microbes. Growth rate for DFM was moreover very similar to BPWA, and the growth rate can be much more increased in DFM by increasing the substrate concentration. The feather medium which has raw or nondegraded feathers, doesn't support the growth of any of the microbes used. These results supports that the newly formulated economic media could support the tested microorganisms. The microbial growth in the DFM can be increased than the reference media used by increasing the percentage of substrate concentration in medium. Similarly Poopathi and Abitha, 2008 ([@b18]) used the biodegraded poultry waste for the production of mosquitocidal toxins. Previous literatures have documented the keratinase producing strains from *Streptomyces* sp ([@b3], [@b23], [@b26]) their production, optimization parameters, and applications in various fields as biofertilizer, as glues etc. However the usage of degraded feather as the economical medium for the cultivation of microbes has not been reported.

![Evaluation of microbial growth in DFM.](bjm-42-825-g004){#fig4}

Feather meal protein is classified as insoluble keratin. The total cysteine content of feather meal and the rate of its liberation by pancreatic digestion may also serve as the indication of the nutritive value for the poultry. Recently, Keratin agar plates and feather meal agar plates were used by many researches for the isolation and screening of keratin degrader. The keratin agar medium consists of ball milled chicken feathers, which can be used as substrate only by those organisms possessing the keratinase enzyme ([@b5], [@b14], [@b19]). Here we designed the economic medium using the digested feathers for the cultivation of microbes.

Cost- effective analysis
------------------------

Cost-effective analysis from [Table 1](#tbl1){ref-type="table"} shows that DFM medium consists of disposable waste like degraded feather which is free of cost, being a poultry waste and trace elements which are cheap and readily available. On the contrary, preparation of 1 L of BPW involves a cost of US \$ 2. Thus, the use of feather waste as bacterial culture medium is highly economical.

###### 

Comparative costing for BPW and DFM

  Culture medium        Main constituents of the medium                                Quantity required g/l   Total cost (US \$)
  --------------------- -------------------------------------------------------------- ----------------------- --------------------
  BPW(Himedia, India)   Commercially available media                                   20                      2
  DFM                   Nacl+ potassium dihydrogen phosphate+ degraded feather+ agar   5+ 1.5+10               5 cents

Nutritive value of DFM
----------------------

Disulphide and hydrogen bonds makes keratin a stable protein and not easily utilizable by many microbial groups except by the keratin degrading species. The attempt was being made to use the degraded feather as microbial feed. But during the biotreatment of feathers, some nutrients may be lost in the cultivation medium was the basic assumption. Hence the EDAX analysis was made to compare the nutritive value of feathers being degraded and the non degraded feather. The EDAX analysis of DF does not show much decrease in the elemental composition when compared to NDF. From [Fig 5.a](#fig5){ref-type="fig"} and [5.b](#fig5){ref-type="fig"}, it can be clearly confirmed the nutritive value of the chicken feathers were not lost even after keratinolytic degradation. Based on the experimental observations, the microbially treated feathers were containing essential nutrients for the growth of other microorganisms. Based upon these results, this was the first attempt in utilizing these sources as growth medium for bacteria, fungi and *Streptomyces.*

###### 

Chemical composition of non degraded feathers obtained from EDAX
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![Chemical composition of degraded feathers obtained from EDAX](bjm-42-825-g007){#fig6}

CONCLUSION
==========

The study clearly showcases an innovative idea as well as a new approach for the utilization of degraded feather in the formulation of economical microbial feed; thereby providing the key to recycle huge amounts of nutritious feathers discarded by the poultry industries.
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